Objectives. We investigated the usefulness of QRST values obtained from 12-lead electrocardiograms (ECGs) for identification of repolarization abnormalities before and after radiofrequency ablation in patients with Wolff-Parkinson-White syndrome.
produced by ischemia or ablation procedures. However, data on repolarization abnormalities in patients with WolffParkinson-White syndrome are limited (5) .
We previously found (6) that repolarization abnormalities in patients with manifest Wolff-Parkinson-White syndrome present before radiofrequency ablation persisted 1 day after ablation, as demonstrated by body surface QRST isointegral maps. Theoretically, the isointegral map is independent of the activation sequence but dependent on repolarization properties (7-9). Rosenbaum et al. (4) investigated repolarization abnormalities induced by right ventricular pacing using a ventricular gradient. We also found (10, 11) that the concept of a ventricular gradient applies to QRST time integral values (QRST values) on the 12-lead ECG. However, to our knowledge no studies have analyzed QRST values on the 12-lead ECG before and after ablation or compared repolarization properties quantitatively before and immediately after ablation (1 to 2 h), which would provide further insight into cardiac memory. In the present study 1) we investigated the usefulness of QRST values obtained from the 12-lead ECG for identification of abnormalities in repolarization properties associated Data presented are mean value -SD (mV.ms).
with manifest Wolff-Parkinson-White syndrome and attempted to identify which ECG lead, if any, reflects these abnormalities; 2) we compared repolarization properties before and after ablation using QRST values obtained from the 12-lead ECG; and 3) we investigated whether QRST values obtained from the 12-lead ECG provide useful quantitative information about repolarization properties before and after ablation that is diffacult to obtain from conventional analysis of the 12-lead ECG.
Methods
Study patients. We selected 53 consecutive patients (33 men, 20 women; mean age 44.0 years, range 14 to 72) whose digitized standard 12-lead ECG was recorded either at the Nagoya University Hospital between January 1988 and November 1993 or at the Nagoya Daini Red Cross Hospital between March 1992 and January 1994. Participants were required to satisfy the following criteria: manifest WolffParkinson-White syndrome confirmed by 12-lead ECG or concealed Wolff-Parkinson-White syndrome confirmed by electrophysiologic study; no antiarrhythmic drug therapy or discontinuation of drug at least five elimination half-lives before the time of mapping; absence of other cardiac diseases, such as congenital heart disease, myocardial infarction and valvular heart disease; no hypertension; heart rate between 50 and 100 beats/min; and no imbalance in serum electrolyte levels.
Patients were classified into three groups: group A = manifest Wolff-Parkinson-White syndrome with a left-sided accessory pathway diagnosed by ECG criteria (12) (11 men, 3 women; mean age 45.5 years, range 14 to 72); group B = manifest Wolff-Parkinson-White syndrome with a right-sided accessory pathway (9 men, 5 women; mean age 36.6 years, range 15 to 65); group C = patients with successful ablation (13 men, 12 women; mean age 47.4 years, range 23 to 71). Subjects in group C were classified into three subgroups: group C A = left-sided accessory pathway confirmed by successful ablation (seven men, seven women); group CB = right-sided accessory pathway confirmed by successful ablation (four men, two women); group Cc = concealed Wolff-Parkinson-White (two men, three women).
The control group included 607 normal subjects (376 men, 231 women; mean age 42.3 years, range 17 to 81) who were registered with the Japanese Circulation Society Task Force Committee on Body Surface Mapping (13) . They were free of cardiovascular disease, as determined by a routine clinical examination that included a chest radiograph and ECG. Informed consent was obtained from all subjects before their participation in the study.
Digitized standard 12-lead ECGs. Digitized 12-lead ECGs
were recorded with the VCM-3000 system (Chunichi Denshi Company, Nagoya, Japan). The details of data acquisition and processing have been described elsewhere (10, 14) . Briefly, unipolar ECGs were recorded simultaneously with Wilson's central terminal used as a reference. Frank X, Y and Z ECGs were also recorded simultaneously. The ECG data were scanned by multiplexers, digitized by analog/digital converters at a rate of 1,000 samples/s and stored on floppy disks. A two-point baseline adjustment was performed using the flat portion of the TP segment before the P and after the T deflection of the selected PQRST complex. After baseline adjustment, a root-mean-square voltage versus time curve (based on X, Y and Z leads) was plotted to help identify the beginning of the QRS and the end of the T deflection, which were manually selected from this curve. The QRST deflection area was calculated by integrating each lead over the appropriate interval (expressed in mV.ms). Data sampling was performed at the expiratory level with the subject in the supine position. The normal range for each lead was defined as the mean value _+ 2 SD of QRST values in age-and gendermatched control subjects ( Daini Red Cross Hospital. All antiarrhythmic drugs had been discontinued for at least five elimination half-lives before ECGs were recorded in these patients. Digitized 12-lead ECGs were recorded 2 to 24 h before and again 1 to 2 h, 1 day and 1 week after ablation. In 12 (48%) of the 25 patients, additional ECGs were recorded at 4 weeks and again at 3 months after ablation. Ablation procedures were defined as successful if the anterograde and retrograde accessory atrioventricular (AV) conductions were completely abolished. The creatine kinase (CK)-MB fraction was measured every 4 h for 24 h after the procedure. No patient had an abnormal elevation of the CK-MB fraction after ablation. Statistical analysis. Results are expressed as mean value + SD. Data were analyzed by one-way analysis of variance for repeated measures (when a significant effect was observed, group comparisons were made using the Scheff6 test) and the Student t test. A p value <0.05 was considered statistically significant.
Results
QRST values in patients with Wolff-Parkinson.White syndrome before and after ablation. Figures 1 and 2 show QRST values and 12-lead ECGs in a representative patient from group C A before, immediately after and 1 day, 1 week and 1 month after successful ablation of the left lateral accessory pathway. QRST values in lead VI before, immediately after and 1 day after, and in lead V 2 immediately after, ablation were above the normal range. QRST values in the other leads were within the normal range. QRST values in lead V 1 returned to normal 1 week after ablation. T waves in lead VI were taller immediately after and 1 day after ablation than those 1 week and 1 month after ablation. There were no abnormal QRST values in this patient at 1 week or 1 month after ablation. In 7 (25%) of 28 patients from combined groups A and CA, QRST values were above normal in lead V 1 before ablation (Table 2) . In group C A, QRST values in lead V 1 were significantly greater before, immediately after and 1 day after ablation than 1 week after ablation (p < 0.001) ( Table 3) . QRST values in lead I were significantly lower (p < 0.01), and values in leads aVR (p < 0.01) and V2 (p < 0.05) were significantly greater, immediately after ablation compared with those 1 week after ablation (Table 3) . Figures 3 and 4 show QRST values and 12-lead ECGs in a representative patient from group CB before, immediately after and 1 day and 1 week after successful ablation of the right posterior accessory pathway. QRST values in leads III and aVF were below, and that in lead aVL above, the normal range before, immediately after and 1 day after ablation. QRST values in these leads returned to normal 1 week after ablation. There were no abnormal QRST values in this patient 1 week after ablation. Negative T waves in leads III and aVF immediately and 1 day after ablation were deeper than at 1 week after ablation. QRST values before ablation were below the normal range in lead III in 12 (60%) of the 20 patients in groups B and CB and in lead aVF in 9 patients (45%) ( Table  2) . QRST values in lead aVL were above normal in 11 (55%) of 20 patients before ablation. In group C B, QRST values in lead III before, immediately after and 1 day after ablation were significantly smaller than at i week after ablation (p < 0.001) ( Table 4) . QRST values in lead aVF at 1 week after ablation were significantly greater than those before and 1 day (p < 0.01) and immediately (p < 0.001) after ablation (Table 4) . QRST values in lead aVL 1 week after ablation were significantly smaller than those before and immediately (p < 0.001) and 1 day (p < 0.01) after ablation (Table 4) . QRST values in lead II were significantly smaller (p < 0.05) immediately after than with those 1 week after ablation (Table 4) . QRST values were not significantly different before and immediately and 1 day after ablation in any lead in groups C A to C o In leads V 3 to V 6, there were no significant differences in QRST values before or after ablation in groups CA and CB (Tables 3 and 4) . QRST values were within the normal range before, immediately after and 1 day and 1 week after ablation in four (80%) of the five group Cc patients (Table 2 ). There were no significant differences in QRST values in any lead before or after ablation in group Co Relation between QRST values and QRS duration during pre-exeitation. In groups A and CA, there were no significant differences in pre-excitation QRS duration between patients with normal and abnormal QRST values (Table 5 
Discussion
Abnormal QRST values on 12-lead ECGs were frequently observed in patients with Wolff-Parkinson-White syndrome, even in those with a left-sided accessory pathway, although the incidence of abnormal values was lower in those patients than in patients with a right-sided accessory pathway. QRST values were abnormally high in lead V 1 in patients with a left-sided accessory pathway and abnormally low in leads III and aVF and abnormally high in lead aVL in patients with a right-sided accessory pathway. There were no significant differences in QRST values in any ECG lead before and immediately and at 1 day after ablation. These abnormalities persisted in the early period after successful ablation of the accessory pathway and gradually disappeared within days or weeks after ablation. These serial findings before and after ablation are difficult to evaluate by conventional analysis of 12-lead ECGs. Preablation repolarization abnormalities. Because repolarization abnormalities in patients with Wolff-ParkinsonWhite syndrome are often masked by abnormal QRS configurations, previous studies (1-3) did not directly confirm the presence of abnormalities in repolarization properties before ablation. Nicolai et al. (5) reported that normal pathway conduction occurred either spontaneously or after administration of ajmaline or procainamide or eyeball pressure in 45 patients with Wolff-Parkinson-White syndrome who had no detectable heart disease. Disappearance of pre-excitation was associated with T wave abnormalities in 39 of these 45 patients, suggesting that repolarization properties are abnormal in patients with Wolff-Parkinson-White syndrome. However, it is possible that these T wave abnormalities may have been related to the antiarrhythmic drugs administered. In the present study, QRST values obtained from the 12-lead ECG indicated the presence of repolarization abnormalities in drugfree patients with manifest Wolff-Parkinson-White syndrome.
It has been reported (7) (8) (9) 15) that QRST values and isointegral maps are dependent on repolarization properties and are not exclusively independent of the activation sequence. Isointegral maps have been found (16) (17) (18) (19) (20) (21) to be useful for investigation of repolarization abnormalities, even in the presence of an abnormal activation sequence. We previously demonstrated (10, 11) that the concept of ventricular gradient is applicable to QRST values on the 12-lead ECGs as well as to values in limb leads (15) and isointegral maps. The 12-lead ECG is universally used, and recent ECG recorders equipped with analog-to-digital converters make QRST calculation faster and easier. QRST values on the 12-lead ECG can be calculated even when patients must be maintained in the supine position, for example, immediately after operation or catheterization, when it can be difficult to record a complete ECG for construction of isointegral maps. In a previous study (6) , QRST values were abnormally low over the back in patients with a left-sided accessory pathway and over the right lower chest in patients with a right-sided accessory pathway. In the present study, QRST values in lead V1 were abnormally high in 7 (25%) of 28 patients with a left-sided accessory pathway, possibly reflecting abnormally low QRST values over the back. The abnormally low QRST values in leads III (60%) and aVF (45%) and abnormally high values in lead aVL (55%) in patients with right-sided accessory pathway in the present study are consistent with the abnormally low QRST values and the location of the minimum over the right lower chest observed in our previous study (6) . The leads with abnormal QRST values in the present study also corresponded to the leads showing postablation T wave abnormalities in a study by Kalbfleisch et al. (1) .
In patients with a left-sided accessory pathway, action potential durations near the site of connection during preexcitation are expected to be prolonged by electrotonic interaction, and the distribution of action potential durations during pre-excitation may be different from that during normal activation. The differences in repolarization properties near the site of connection may cause a reciprocal increase in QRST values in lead Vv In patients with a right-sided accessory pathway, ventricular excitation begins at the base of the right ventricle. Action potential durations near the origin of preexcitation in the right ventricle are also expected to be elongated, and the distribution of action potential durations during pre-excitation may be different from that during normal activation. The abnormally low QRST values observed in leads III and aVF in the present study may have been related in part to changes in repolarization properties over the lateral to inferior AV groove of the right ventricle during pre-excitation. Thus, repolarization abnormalities during pre-excitation may be partly related to electrotonic interaction. Postablation T wave abnormalities. Radiofrequency catheter ablation is one of the most effective therapies for arrhythmia in patients with Wolff-Parkinson-White syndrome (22) , which is associated with an abnormal activation sequence due to pre-excitation through the accessory pathway. Kalbfleisch et al. (1) found that postablation T wave abnormalities occurred in patients with overt pre-excitation but not in those with a concealed accessory AV connection. They suggested that the ECG location and the severity of T wave changes were dependent on the location of the accessory AV connection and the degree of baseline pre-excitation, respectively.
There were no significant differences in QRST values in any lead before and immediately and t day after ablation, confirming that T wave changes after ablation are a continuation of repolarization abnormalities present before ablation (1-3). These findings are also consistent with the results of our previous study (6) showing that isointegral maps were similar before and 1 day after ablation. In our previous study (6), we did not compare isointegral maps immediately after ablation with those before and 1 day after ablation because the recording of ECGs from the back and construction of isointegral maps was difficult immediately after ablation. Thus, to our knowledge, the present study is the first to quantitatively compare QRST values immediately after ablation with those before and at 1 day and 1 week after ablation. Conventional analysis of 12-lead ECGs is clinically useful in evaluating changes in repolarization when activation sequence changes do not exist. However, QRST values in 12-lead ECGs may provide useful quantitative information about repolarization before and after ablation that could, for example, help to differentiate the effects of cardiac memory from newly developed repolarization abnormalities due to ischemia or injury after ablation. It seems especially clinically important to obtain information about repolarization by QRST values in 12-lead ECGs before ablation (which is difficult to obtain by conventional analysis of 12-lead ECGs) for evaluation of T wave abnormalities after ablation.
Cardiac memory. Rosenbaum et al. (4) reported that T waves in 12-tead ECGs were abnormal after cessation of long-term right ventricular pacing and remained abnormal for an extended period. They suggested that these T wave abnormalities represented a continuation of abnormal repolarization properties produced by long-term abnormal activation sequences associated with right ventricular pacing (cardiac memory). Costard-J~ickel et al. (23) found that the action potential duration was inversely related to activation time in nine isolated Langendorff-perfused rabbit hearts and that this inverse correlation disappeared when a different activation sequence was initiated with ectopic pacing. However, the inverse correlation was reestablished with continued ectopic pacing. They attributed their findings to cardiac memory and speculated that the sequenc e of ventricular activation modulates the sequence of ventricular repolarization by a still unidentified process with very slow onset and offset characteristics. The present study statistically confirmed that T wave changes after ablation (1-3) are attributable to cardiac memory.
Specific potassium channels and changes in repolarization properties play an important role in cardiac memory (24, 25) . Recently, del Baho and Rosen (24) reported that cardiac memory in intact dogs was abolished by 4-aminopyridine, which blocks both of the transient outward potassium currents (Ito) and I K. Geller and Rosen (25) demonstrated that 4-aminopyridine reduced the notch size and plateau amplitude of the transmembrane action potential (25) and concluded that the effect of specific potassium channels on repolarization influenced the memory phenomenon and that 4-aminopyridine abolished cardiac memory by blocking |to and reducing the transmural voltage gradient for repolarization. Katz (26) suggested that changes in the activation sequence may lead to structural or functional modifications of channel proteins responsible for repolarization. Further study is needed to clarify the mechanisms of those structural and functional modifications.
Study limitations. There are some limitations to the present study. We showed that QRST values in 12-lead ECGs were useful for identifying the presence and persistence of repolarization abnormalities before and after ablation. However, only a small number of lead points reflected abnormalities. It may be necessary to identify the optimal locations for lead points for identification of repolarization abnormalities associated with Wolff-Parkinson-White syndrome. The present study did not clarify the mechanisms of repolarization abnormalities during pre-excitation. Recording of monophasic action potentials from the epicardium and endocardium may be helpful for clarifying the mechanisms of repolarization abnormalities. However, repeated recordings of monophasic action potentials of the epicardium are clinically ditficult. Further studies of a larger number of patients with an accessory pathway at various sites using more frequent recordings to clarify the time course of disappearance of cardiac memory are needed.
